New bulk glassy alloys were formed in the Ca-Mg-Cu system by the copper mold casting method. The maximum rod diameter (d max ) for the formation of a glassy phase was 2 mm for Ca 67 Mg 19 Cu 14 and above 4 mm for Ca 57 Mg 19 Cu 24 . The glass transition temperature (T g ), crystallization temperature (T x ), supercooled liquid region (∆T x = T x − T g ) and reduced glass transition temperature (T g /T m ) are 387 K, 407 K, 20 K and 0.60, respectively, for the former alloy and 404 K, 440 K, 36 K and 0.64, respectively, for the latter alloy. There is a tendency for d max to increase with increasing ∆T x and T g /T m . Young's modulus (E) and compressive fracture strength are 38 GPa and 545 MPa, respectively, for the Ca 57 Mg 19 Cu 24 alloy rod with a diameter of 2 mm. The success of synthesizing bulk glassy alloys in the simple metal (Ca) base system makes it important as a basic alloy system for examining fundamental chemical and physical properties of bulk glassy alloys.
Introduction
It is important in materials science and engineering aspects to examine the formation, thermal stability and mechanical properties of glassy metallic materials in a bulk form. Active studies on bulk glassy alloys have been started since the first success of synthesizing less-noble metal base bulk glassy alloys in 1989, 1) in good contrast to the long history for crystalline metallic bulk alloys. In the last decade, a number of bulk glassy alloys in Ln-, 1) Mg-, 2) Zr-, 3, 4) Ti-, 5) Hf-, 6) Fe-, 7) Pd-Cu-, 8) Co-, 9) Ni- 10) and Cu- 11) based systems have been synthesized and various properties of these bulk glassy alloys have been examined. As a result, it has been revealed that bulk glassy alloys exhibit various unique properties which cannot be obtained for conventional crystalline alloys and have already been added to an engineering materials group. Among the above-described bulk glassy alloys, the alloys which do not belong to the transition metal base systems have been limited to Mg-based alloys.
2) It is important to identify a new bulk glassy alloy system among a non-transition metal base system. In addition to Mg-based alloys, it is known that simple metal base amorphous alloys are formed in Ca-based systems such as Ca-Al, Ca-Mg, Ca-Zn and Ca-Cu 12, 13) by the melt spinning technique. Considering the similarity of the fundamental nature of Ca to that of Mg, it is expected that a new bulk glassy alloy will be formed in a Ca-based alloy system which satisfies the three empirical composition rules [14] [15] [16] [17] for the formation of bulk glassy alloys. In addition, the light weight and high chemical activity of Ca metal prompt us to expect that the Ca-based bulk glassy alloys will exhibit a good hydrogen storage capacity combined with high specific strength. We examine the possibility of forming a Ca-based bulk glassy alloy by copper mold casting and present the alloy compositions, thermal stability and mechanical properties of the resulting bulk glassy alloys.
Experimental Procedure
Alloy ingots with the composition Ca 100−x−y Mg x Cu y were prepared by induction melting mixtures of pure Ca, Mg and Cu metals in a boron nitride crucible in an argon atmosphere. The alloy compositions represent nominal atomic percentages. Cylindrical bulk alloys with a length of 55 mm and different diameters of up to 4 mm were prepared by the copper mold casting method. Ribbon samples with a cross section of 0.02 × 1 mm 2 were also prepared by the melt spinning method. Glassy structure was identified by X-ray diffraction, and thermal stabilities associated with the glass transition, supercooled liquid, crystallization and melting temperatures were examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. Mechanical properties of cast bulk alloys were measured with an Instron testing machine and a Vickers hardness tester with a load of 50 g. The gauge dimensions of testing specimens were 2 mm in diameter and 4 mm in length for the compressive test. The fracture surface was examined by scanning electron microscopy (SEM).
Results
Glassy alloy ribbons were formed by melt spinning in a wide composition range of 8 to 30 at%Cu of the Ca 81−x Mg 19 Cu x ternary system and the glass transition phenomenon was observed over the entire Cu concentration range in the alloy series of Ca 81−x Mg 19 Cu x . Using the Ca 67 Mg 19 Cu 14 glassy alloy, we examined the formation ability of bulk glassy alloys by the copper mold casting method. Figure 1 shows X-ray diffraction patterns of the cast Ca 67 Mg 19 Cu 14 alloy rods with diameters of 1, 2 and 3 mm, together with the data for the melt-spun alloy ribbon. The cast alloy rods with diameters of 1 and 2 mm as well as the ribbon sample show only broad diffraction peaks without sharp crystalline peaks, but the X-ray diffraction pattern of the 3 mm rod indicates a coexistent structure of glassy and crystalline phases. The X-ray diffraction data indicate that bulk glassy alloy rods with diameters up to 2 mm are formed for the Ca 67 Mg 19 Cu 14 alloy. We have confirmed that these glassy alloy rods have a smooth outer surface and good metallic luster. Figure 2 shows DSC curves of the cast Ca 67 Mg 19 Cu 14 glassy rods with diameters of 1 and 2 mm as well as the meltspun Ca-Mg-Cu glassy ribbon. All the alloys exhibit a broad exothermic peak due to structural relaxation, followed by a small endothermic reaction due to glass transition, a high intensity exothermic peak due to crystallization and then a sig- nificant endothermic peak due to melting. There is no appreciable difference in the sequent transition behavior between the cast bulk rods and the melt-spun ribbon. The glass transition temperature (T g ), the onset temperature of the first crystallization reaction (T x ) and the melting temperature (T m ) of the φ1 mm rod sample are 387 K, 407 K and 640 K, respectively, in agreement with those for the ribbon sample. The supercooled liquid region defined by the difference between T g and T x and the reduced glass transition temperature (T g /T m ) are 20 K and 0.60, respectively. The low melting temperature as well as the high T g /T m result in the high glass-forming ability which is evaluated based on the formation of the bulk glassy alloys with diameters up to 2 mm. With the aim of identfying for a Ca-Mg-Cu glassy alloy with high glass-forming ability, the compositional dependence of a supercooled liquid region defined by the difference between T x and T g , ∆T x (= T x − T g ), was examined in the Ca 81−x Mg 19 Cu x alloy series. The ∆T x was measured to be 36 K for 24%Cu and 39 K for 29%Cu, which exceed 25 K for the 19%Cu alloy. The formation tendency of bulk glassy alloys was subsequently examined for the Ca 57 Mg 19 Cu 24 alloy. Figure 3 shows the X-ray diffraction patterns of the cast bulk Ca 57 Mg 19 Cu 24 alloy rods with diameters of 2, 3 and 4 mm, together with the data for the melt-spun alloy ribbon. Only broad peaks are seen for all of the samples, indicating that the maximum rod diameter for the formation of the glassy phase increases from 2 mm to above 4 mm. As exemplified in Fig. 4 , these rod samples have a very smooth outer surface combined with good metallic luster. Neither concave nor cavity is seen, even for the 4 mm diameter sample, indicating that the Cabased bulk glassy alloys have good casting ability in the copper mold casting process. Figure 5 shows the DSC curves of the cast Ca 57 Mg 19 Cu 24 alloy rods with diameters of 2, 3 and 4 mm, together with the data for the melt-spun alloy ribbon. T g , T x and T m are 404 K, 440 K and 631 K, respectively, being independent of sample diameter. Furthermore, there is no difference in these thermal properties between the cast rods and the melt-spun ribbon. The DSC curves also indicate that the Ca 57 Mg 19 Cu 24 alloy has a high T g /T m of 0.64 as well as a large ∆T x of 36 K. It was found that Young's modulus (E), compressive fracture strength (σ c,f ), compressive fracture strain (ε c,f ) and Vickers hardness (H v ) are 38 GPa, 545 MPa, 1.4% and 200, respectively, for the cast Ca 57 Mg 19 Cu 24 alloy rod of 2 mm diameter. σ c,f /E and H v /3E are 0.014 and 0.018, respectively, and the former value is slightly smaller than the elastic limit of 0.018 [14] [15] [16] [17] for other bulk glassy alloys in Zr-, Mg-, Ln-, Cu-and Ni-based systems. The smaller value seems to reflect a higher degree of brittleness for the Ca-based bulk glassy alloy, caused by the structural relaxation which proceeds even at room temperature.
Discussion
We discuss the reason for the formation of the bulk glassy alloys in the Ca-Mg-Cu ternary system. It is recognized that the simple Ca-Mg-Cu system satisfies the empirical composition rule [14] [15] [16] [17] for the formation of bulk glassy alloys and for the stabilization of supercooled liquid. That is, the alloys have the following compositional features; (1) multicomponent consisting of more than three elements, (2) significantly different atomic size mismatch above 12% among the three elements, and (3) suitable negative heats of mixing among their elements. The atomic size ratio is 1.23 for Ca/Mg and 1.25 for Mg/Cu 18) and the negative heat of mixing is 20 kJ/mol for the Ca-Mg pair, 20 kJ/mol for the Mg-Cu pair and 39 kJ/mol for the Cu-Ca pair.
19) The satisfaction of the three empirical composition rules is presumed to result in the formation of the bulk glassy Ca-Mg-Cu alloys. The high glass-forming ability of the alloys satisfying the three empirical rules has been interpreted to result from the formation of a unique glassy structure with the following features; [14] [15] [16] [17] (1) higher dense random packing atomic configurations, (2) new local atomic configurations which are different from those for the corresponding equilibrium crystalline phases, and (3) long-range homogeneous atomic configurations with attractive interaction. The novel glassy structure can give rise to the decrease in atomic diffusivity and the necessity for atomic rearrangements on a long-range scale for crystallization, which lead to the decrease in melting temperature and the increase in the reduced glass transition temperature.
We also compared the thermal stability and mechanical strength of the Ca-based bulk glassy alloys with those for other bulk glassy alloys. It was confirmed that the strength was proportional to T g and T m for the Ca-based alloys, which is in agreement with that for other bulk glassy alloys. In that relation, the present values of strength, T g and T m , lie at the lowest level. Consequently, the present bulk glassy alloys are the softest, i.e., have the weakest bonding force, among all of the bulk glassy alloys. Room temperature (298 K) corresponds to a high reduced temperature of 0.74 for T /T g and 0.47 for T /T m . Consequently, the present glassy alloys offer a unique opportunity to study the relationships among the formation tendency of the bulk metastable phase, the ease of atomic diffusivity and the bonding nature of constituent elements. In addition, the Ca-based alloys belong to a simple metal base system and are important as a basic material for clarifying the fundamental chemical and physical properties of bulk glassy alloys. Thus, the search for a new bulk glassy alloy with lower T g and T m values which satisfy the three empirical composition rules is important for the future development of simple metal base glassy alloys.
Conclusions
With the aim of developing a new bulk glassy alloy in the Ca-based system, we searched for a glassy alloy exhibiting the glass transition and a supercooled liquid region before crystallization in the Ca-Mg-Cu system. The glass transition was observed over the entire composition range of the Ca 81−x Mg 19 Cu x (x = 9-29 at%) alloys examined in the present study. T g increases with increasing the Cu content, while ∆T x shows a maximum of 39 K at 29%Cu. T g /T m of the 24%Cu alloy shows a high value of 0.64. The high value of T g /T m has enabled us to form bulk glassy Ca 57 Mg 19 Cu 24 alloy rods with diameters of up to at least 4 mm. T g , T x
and ∆T x are independent of sample diameter in the diameter range up to 4 mm. Young's modulus, compressive fracture strength and compressive fracture strain are 38 GPa, 545 GPa and 1.4%, respectively, for the cast glassy Ca 57 Mg 19 Cu 24 rod with a diameter of 2 mm. The synthesis of the new simple metal base bulk glassy alloys with high T g /T m and low T m is encouraging for the future extension of bulk glassy alloys.
